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This study brings quantal resolution imaging of synaptic transmission to the intact behaving animal and discovers that short-term synaptic plasticity and synaptic homeostasis differ between inputs onto a common postsynaptic target to create diversity in drive for locomotor behavior.
INTRODUCTION
The transfer of information between neurons throughout the nervous system relies on communication across inherently unreliable chemical synapses. Synaptic communication is further complicated by the fact that individual neurons can receive inputs from many functionally diverse neurons (Atwood and Karunanithi, 2002; O'Rourke et al., 2012) . Even synapses formed by one presynaptic neuron and one or more postsynaptic target neurons can vary greatly in neurotransmitter release, postsynaptic sensitivity, and plasticity (Atwood and Karunanithi, 2002; Branco and Staras, 2009; Pelkey and McBain, 2007) . Additionally, postsynaptic cells are not passive receivers of information but can produce retrograde signals, including homeostatic signals that modulate synaptic release (Branco et al., 2008; Frank et al., 2006; Jakawich et al., 2010; Paradis et al., 2001; Petersen et al., 1997) . The mechanisms that regulate diversity in transmission at individual synapses are not well understood, nor are their relationships to the plasticity and homeostatic mechanisms that adjust synaptic strength. In particular, it is unclear whether retrograde signaling is input or synapse specific and able to maintain input context among diverse convergent synapses (Branco and Staras, 2009; Turrigiano, 2012) .
The Drosophila larval neuromuscular junction (NMJ) is a model system for studying glutamatergic transmission, with pre-and postsynaptic molecular machinery similar to that of central excitatory synapses in vertebrates, while also possessing activity-dependent adjustments in synaptic strength, including short-and long-term plasticity, as well as homeostatic plasticity (Budnik and Ruiz-Cañ ada, 2006) . Two morphologically distinct glutamatergic motor neurons, larger type Ib and smaller type Is, converge onto most of the larval body wall muscles used for locomotion (Atwood et al., 1993; Hoang and Chiba, 2001; Jia et al., 1993; Kurdyak et al., 1994; Lnenicka and Keshishian, 2000) . There is evidence that the transmission properties of these inputs differ (Kurdyak et al., 1994; Lnenicka and Keshishian, 2000; Lu et al., 2016) , thus providing a powerful system for investigating the role of input and synapse specificity in the regulation of basal synaptic strength, plasticity, and homeostasis. In addition, there is great heterogeneity, in that both the basal release probability (P r ) of evoked release and the frequency of spontaneous release differ greatly between synapses of the same Ib axon (Peled and Isacoff, 2011; Peled et al., 2014) . We set out to understand how plasticity and homeostasis function in a diverse pool of synapses and to determine whether synaptic homeostasis operates globally or has input specificity.
To address these questions requires high-resolution, highspeed analysis of function at many synapses simultaneously. Quantal resolution measurements of excitatory transmission through Ca 2+ -permeant glutamate receptors (GluRs) has been achieved by imaging chemical or genetically encoded Ca 2+ indicators (GECIs) in the postsynaptic cell (Cho et al., 2015; Guerrero et al., 2005; Lin and Schnitzer, 2016; Melom et al., 2013; Muhammad et al., 2015; Peled and Isacoff, 2011; Peled et al., 2014; Kavalali, 2015, 2016; Siegel and Lohmann, 2013) . We generated a vastly improved postsynaptically targeted GECI based on GCaMP6f. When expressed in Drosophila larval muscle, ''SynapGCaMP6f'' enables quantal imaging without voltage clamping. We combined SynapGCaMP6f with an optical platform that immobilizes larvae without anesthetics to measure synaptic transmission simultaneously at hundreds of Ib and Is synapses in the intact, behaving animal.
Our quantal imaging makes it possible to connect the elementary properties of transmission at single synapses, to the synaptic drive that is generated by convergent synaptic inputs, to the operation of muscle groups in large parts of the animal, and finally to behavior. Our observations show that basal synaptic strength, short-term plasticity, and, most strikingly, synaptic homeostasis are input specific, diversifying excitatory transmission and behavioral output.
RESULTS

Distinct Synaptic Activity at Ib and Is Synapses during Locomotion
Most muscles in Drosophila larvae are innervated by two glutamatergic motor neurons (MNs), the morphologically distinct type Ib (big) and Is (small) MNs (Atwood et al., 1993) . Patch clamp recordings in the ventral nerve cord (VNC) suggest that these MNs have different firing patterns and intrinsic electrophysiological properties (Choi et al., 2004; Schaefer et al., 2010) . However, MN activity and synaptic release dynamics in the behaving animal are not known. To understand these differences, we constructed a new postsynaptically targeted GECI, SynapGCaMP6f (MHC-CD8-GCaMP6f-Sh), on the basis of GCaMP6f (Chen et al., 2013) . We generated transgenic animals that express SynapGCaMP6f in all body wall muscles throughout development, where it is targeted to the plasma membrane and postsynaptic density, as done earlier (Guerrero et al., 2005; Peled and Isacoff, 2011; Peled et al., 2014) . Similar to the previous postsynaptically targeted GECIs, SynapGCaMP6f does not affect NMJ health or function, as determined by the muscle resting membrane potential (w 1118 À64.3 ± 3.6 mV, n = 4; w 1118 ;+;SynapGCaMP6f/+ À68.1 ± 2.4 mV, n = 5; p = 0.45, Student's t test), muscle input resistance (w 1118 6.47 ± 0.36 MU, n = 4; w 1118 ;+;SynapGCaMP6f/+ 5.36 ± 0.47 MU, n = 5; p = 0.16, Student's t test), excitatory postsynaptic potential (EPSP) amplitude (0.1 Hz; w 1118 35.3 ± 2.5 mV, n = 4; w 1118 ;+;SynapGCaMP6f/+ 40.0 ± 2.0 mV, n = 5; p = 0.23, Student's t test), or excitatory postsynaptic current (EPSC) amplitude (0.1 Hz; w 1118 87.4 ± 5.4 nA, n = 4; w 1118 ;+;
SynapGCaMP6f/+ 95.9 ± 8.2 nA, n = 5; p = 0.43, Student's t test).
To measure synaptic transmission in vivo, we designed a transparent polydimethylsiloxane (PDMS) microchip that allows restricted crawling motion of unanesthetized wild-type (WT) SynapGCaMP6f-expressing larvae (Figures 1A, 1B, and S1A) . Under wide-field epifluorescence imaging, we observed repeated bouts of increased SynapGCaMP6f fluorescence associated with bidirectional, peristaltic waves of body wall muscle contraction in the postsynaptic surround of the Ib and Is axon terminals and throughout the surface of the muscle (Figures 1C and 1D ; Movie S1). The waves of muscle contraction were similar to those documented previously in freely moving larvae (Heckscher et al., 2012) , although in our case the restrictive chamber prevents larvae from translating, thus allowing extended observations of individual NMJs. We focused on dorsal muscles 1, 2, 9, and 10 in the anterior segments ( Figure 1E ), each of which receives input from a distinct Ib MN (MN-1b, , respectively) and a common Is MN (MNISN-Is) (Hoang and Chiba, 2001 ). SynapGCaMP6f imaging unambiguously differentiates Ib and Is NMJs by activity patterns and respectively high and low basal fluorescence (Figures 1F and S1B-S1D; Movie S2), as Is postsynapses have significantly less subsynaptic reticulum (SSR) and less postsynaptic density protein disks-large (Dlg) (Atwood et al., 1993; Lahey et al., 1994) , a protein that clusters SynapGCaMP6f to the postsynaptic density. Consistent with previous electrophysiological data in dissected larvae, with the CNS intact (Knodel et al., 2014; Kurdyak et al., 1994; Lu et al., 2016; Schaefer et al., 2010) , both Ib and Is synapses were active during muscle contraction ( Figure 1G ). This fluorescence activity resembled that seen in the dissected preparation in response to electrical stimulation of the motor nerve, which triggers an action potential (AP) and evokes synchronous transmitter release (and postsynaptic Ca 2+ rise) along the length of the Ib NMJ (Guerrero et al., 2005; Melom et al., 2013; Peled and Isacoff, 2011; Peled et al., 2014 ) (Movie S2). As expected for a single common presynaptic MN (MNISN-Is), the Is synapses in this muscle group had a high degree of correlation, whereas the four Ib NMJs were more weakly correlated, suggesting coordination in upstream input to the dorsally projecting Ib MNs ( Figure S1E ).
Although both motor inputs were engaged during crawling, Ib synaptic activity was more closely associated with muscle translation (Figures 1G and S1B-S1D) and initiation of local muscle contraction ( Figure 1H ). Additionally, Ib synaptic activity was more tightly correlated with the muscle-wide fluorescence increases triggered by Ca 2+ elevation during the contraction of the muscle ( Figure S1F ) (see STAR Methods). Ib synaptic transmission rose more gradually than did Is (Figure 2A ), which engaged later in contraction bouts ( Figure 2B ), with maximal activity occurring concurrently ( Figure 2C ). The spatially (Figures 2D and 2E) and temporally integrated Ib DF/F activity ( Figure 2F ) was $6-fold greater than Is activity at the same target muscle (Figures 2F and 2G) , partially because of $2.5-fold longer active times of Ib synapses ( Figure 2H ). These observations indicate that Ib synaptic inputs drive larger rises in local postsynaptic Ca 2+ and are primarily responsible for generating muscle contraction.
In addition to the long-lasting, axon-wide bouts of activity at Ib and Is synapses, similar to burst stimulation in the dissected preparation (Peled et al., 2014) , we also detected small, brief, asynchronous, low-frequency fluorescent events in both NMJs during periods of muscle relaxation (Figures 2I-2K and S2A-S2H; Movie S3). These are consistent with spontaneous quantal ''miniature'' events detected at the dissected larva in macropatch recordings (Karunanithi et al., 2002; Nguyen and Stewart, 2016) or imaging (Cho et al., 2015; Melom et al., 2013; Muhammad et al., 2015; Peled and Isacoff, 2011; Peled et al., 2014) as well as imaging in cultured neurons Kavalali, 2015, 2016) . These spontaneous events had larger amplitudes at Is synapses (Figures S2C-S2H) but were more frequent at Ib synapses ( Figures 2L, S2C , and S2F). Spontaneous release has been proposed to play a role in synapse regulation and development (Choi et al., 2014; Frank et al., 2006; Kavalali, 2015; Saitoe et al., 2001 ) and may represent a substantial fraction of total synaptic release, especially at low-P r central synapses (Chadderton et al., 2004) . However, by comparing the total activity integral (S[DF/F]DpDt) of spontaneous events with that of synchronous MN-driven events, we find that spontaneous transmission at both inputs represents a very small fraction (<1%) of the total postsynaptic Ca 2+ signal (Figures 2M and S2I) . These calculations may miss some low-amplitude spontaneous events, but their small size would mean a minimal impact compared with the large and sustained evoked events. This suggests that spontaneous transmission may have a larger role in development and plasticity at synapses with low evoked transmission. Taken together, these results demonstrate that SynapGCaMP6f enables quantal resolution, quantitative imaging of synaptic activity in vivo and that during restrained behavior, AP-evoked synchronous release represents the vast majority of synaptic transmission. In addition, Ib and Is synapses provide distinct forms of synaptic input, with Ib synaptic activity being the dominant, muscle-contracting input during crawling behavior.
Spontaneous Quantal Transmission at Ib and Is Synapses
To understand the physiological differences between transmission at Ib and Is synapses, we performed high-resolution optical quantal analysis in the semi-dissected larval fillet preparation, in which we removed the brain and imposed AP firing patterns by electrical stimulation of the nerve containing the Ib and Is axons. Despite the large difference in SynapGCaMP6f baseline fluorescence ( Figures 3A and S3A ), confocal imaging of SynapGCaMP6f at muscle 4 provided a robust readout of spontaneous, quantal synaptic transmission in the absence of nerve stimulation at both Ib and Is synapses (Figures 3B-3E ; Movie S4). As in the intact preparation ( Figures S2C-S2H ), spontaneous events were larger in amplitude at Is postsynapses (Figures 3F , 3G, and S3B-S3E) but had nearly identical kinetics (Figures S3E and S3F) , consistent with the kinetics observed in neurons in response to single APs (Chen et al., 2013) . Imaging combined with electrophysiology (Movie S5) enabled identification of the site of origin of the miniature EPSP (mEPSP) electrical events ( Figures 3H and S3B-S3D ). These measurements demonstrated that, just as they produce larger fluorescent events (Ib mean: 0.57 ± 0.01 DF/F; Is mean: 0.95 ± 0.02 DF/F), mEPSPs are also 56% larger at Is synapses (Ib mean: 0.42 ± 0.008 mV; Is mean: 0.66 ± 0.002 mV) ( Figures 3I, 3J , and S3D), in agreement with focal extracellular electrode studies and the finding that Is terminals have larger synaptic vesicles (Karunanithi et al., 2002; Nguyen and Stewart, 2016) . Optical quantal amplitudes at both inputs showed identical and linear sensitivities to extracellular Ca 2+ ( Figure S3G ). Additionally, SynapGCaMP6f responses could be attributed to GluRs, as depletion of Ca 2+ stores with thapsigargin had no effect on spontaneous event amplitudes (Figures S3H and S3I) , and voltage steps to activate voltage-gated Ca 2+ channels failed to produce any change in SynpGCaMP6f fluorescence ( Figures S3J-S3M ). Together, these data indicate that SynapGCaMP6f provides a robust, quantitative, report of glutamate release at the NMJ. In further agreement with our in vivo analysis ( Figure 2L ), the global frequency of spontaneous transmission was lower at the Is input ( Figures 3K and S3N) . We have previously demonstrated that at single Ib synapses, the local spontaneous release frequency (F s ) is highly variable (Peled et al., 2014) . We observed heterogeneous F s at both Ib and Is synapses ( Figure 3L ), with similar average values for individual animals ( Figure S3O ) but slightly different distributions when single synapses were pooled from multiple larvae ( Figure S3P) . Thus, the difference in global spontaneous release between these two inputs is due to the significantly smaller number of spontaneously active synapses in the Is axon ( Figure S3Q ). Following optical recording of transmission, we immunostained for Bruchpilot (Brp), a Drosophila ELKS/CAST homolog, which forms the central T-bar structure of the motor axon active zone cytomatrix (Kittel et al., 2006) . We found Is axon terminals to have significantly lower Brp puncta densities ( Figures S3R-S3T ) (Paul et al., 2015) , consistent with their lower global F s . Additionally, the amount of Brp was similar at Is and Ib synapses ( Figures S3U and S3V) , consistent with recent super-resolution microscopy measurements (Ehmann et al., 2014) , and the portion of Brp-containing synapses that participated in spontaneous release was similar ( Figure S3W ).
Thus, spontaneous release occurs at similar rates in individual Is and Ib synapses, evokes larger responses at Is synapses, and, because of the higher synapse density and larger area of Ib terminal axons, is considerably more frequent overall at Ib inputs. 
Ib and Is Synapses Differ in Basal Evoked Transmission
To measure basal evoked release, we performed optical quantal analysis simultaneously at Ib and Is inputs during low-frequency (0.1 Hz) stimulation of the nerve containing both Ib and Is axons (Figures S4A-S4E ; Movie S6). This enabled us to construct cumulative activity maps of the P r throughout both NMJs (Figures 4A and 4B) . We matched these maps to presynaptic Brp puncta from post hoc immunostaining ( Figures 4C-4F ) and found that AP-responsive sites were more numerous at Ib synap- ses ( Figure S4F ) yet only accounted for approximately half of the Brp puncta in both axons ( Figure S4G ). This indicates that a large fraction of synapses at both inputs are either silent or have very low P r . Transmission at single synapses was all or none, alternating between failures and responses that were similar in amplitude to spontaneous quantal events ( Figures 4G-4J ). Therefore, this method provides a direct readout of single release site P r from the fraction of APs that evoke release at a given active site ( Figure 4J ). Active synapses of both Ib and Is axons were broadly distributed in basal P r ( Figures 4B and 4K ), although Is variability was lower at individual NMJs ( Figure S4H ) and average P r was significantly higher (Figures 4K and 4L) . Average P r values at both inputs are consistent with recent electrophysiological estimates (Lu et al., 2016) . Despite the lower synaptic density at Is NMJs ( Figure S4F ), the high P r resulted in a higher quantal density (imaged areanormalized quantal content) ( Figure 4M ), a metric that we chose because of its ability to accurately distinguish differences in (legend continued on next page) release at low P r synapses (see STAR Methods). As with spontaneous transmission, AP-evoked events were larger at Is synapses (Figures S4I-S4O ; see also STAR Methods). Finally, cross-correlation comparisons between maps of evoked and spontaneous release sites ( Figures S4P-S4V ) revealed a low spatial correlation at both Ib and Is synapses (Ib: 0.31 ± 0.03, n = 7 NMJs; Is: 0.33 ± 0.3, n = 9 NMJs; p = 0.79, Student's t test), indicating that synapses are specialized for either spontaneous or evoked release in both axons, as found earlier at Ib synapses (Peled et al., 2014) . Thus, while active synapses of both Ib and Is inputs are broadly heterogeneous and specialized for either spontaneous or evoked release, and both contain a large fraction of silent synapses, Is active synapses have an $2-to 3-fold higher P r . This difference in release exists despite the fact that Brp, whose level is correlated to P r within the Ib input (Peled et al., 2014) , is present in similar amounts at Is and Ib synapses. This suggests that an additional mechanism of regulation differentiates between basal glutamate release reliability at Is and Ib inputs.
Homeostatic Plasticity Is Input Specific
Homeostatic plasticity at the fly NMJ stabilizes synaptic strength over a wide range of timescales (Davis and M€ uller, 2015) . Removal of the GluRIIA subunit with a GluRIIA null mutation (GluRIIA SP16 ) reduces mEPSP amplitudes (quantal size), but EPSP amplitudes remain constant, indicating a retrograde homeostatic signal that increases presynaptic release to compensate for the decreased sensitivity to glutamate (Petersen et al., 1997) . Given the striking differences during in vivo and basal transmission between Ib and Is inputs, we next asked whether homeostatic compensation occurs similarly at the two inputs. GluRIIA larvae expressing SynapGCaMP6f had no detectable GluRIIA expression at either Ib or Is postsynapses (Figures S5A and S5B) , but baseline SynapGCaMP6f fluorescence was unchanged ( Figure S5C ), consistent with normal postsynaptic development. Electrophysiological analysis of mEPSPs and compound EPSCs indicated that presynaptic homeostatic compensation is intact in the presence of SynapGCaMP6f (Figures S5D-S5H ). As expected, the GluRIIA mutation reduced the amplitude of spontaneous optical events at both Ib and Is NMJs ( Figures 5A-5D ). We performed optical quantal analysis of basal transmission under low-frequency (0.1 Hz) MN stimulation ( Figures S5I-S5L ). Analysis of both inputs showed that there was no difference between GluRIIA and WT in terms of the normalized variability of P r ( Figure S5M ), the density of active synapses ( Figure S5N ), or the density of Brp puncta ( Figure S5O ). However, GluRIIA had a significantly higher quantal density per stimulus and single-synapse P r in the Ib input ( Figures 5E-5H) . In striking contrast, there was no difference in quantal density or P r in the Is input ( Figures 5E-5H ). We found no relationship between the P r of Is synapses and that synapse's distance to the nearest Ib synapse (Figures S5Q and S5R) , suggesting that the retrograde homeostatic signal was highly specific for the Ib input and did not affect Is synapses, even when they were located nearby on the surface of the muscle. Furthermore, even when we reduced the P r of Is synapses to WT Ib levels by reducing extracellular Ca 2+ , we observed no compensation in presynaptic strength at Is synapses ( Figures S5S-S5V) . Thus, the homeostatic increase in evoked release is mediated by an increase in transmission reliability, which takes place selectively at Ib synapses.
Relationship between Homeostasis and Input-Specific Short-Term Plasticity Having seen that homeostatic compensation in basal transmission strength occurs exclusively at Ib synapses, we asked how compensation affects short-term plasticity during the kind of AP bursts in MNs that occur during fictive locomotion (Knodel et al., 2014; Lu et al., 2016) . Two-electrode voltageclamp recording, during simultaneous stimulation of WT, SynapGCaMP6f-expressing Ib and Is MNs at 1-20 Hz with 1.5 mM Ca 2+ saline (HL3, with 25 mM Mg 2+ ) to simulate native hemolymph (Stewart et al., 1994) , showed a depression in compound EPSC amplitude ( Figure 6A ), which was identical to the extent of depression observed in the absence of SynapGCaMP6f expression ( Figure S6A ). Although quantal density per stimulus was stable at 0.1 Hz ( Figure S6B ), global DF/F optical analysis during stimulation at 1-10 Hz showed depression at Is NMJs, and stimulation at R5 Hz showed facilitation at Ib NMJs (Figures 6B and S6C-S6E; Movie S7). Analysis of the DF/F signals at individual synapses during a 5 Hz stimulation showed that it is possible to identify quantal events despite the stimulus interval being shorter than the complete decay of the SynapGCaMP6f signal because of the low single-synapse P r ( Figure S6F ). To quantify the overall changes in synaptic activity during stimulus trains, we calculated the change in quantal density per stimulus during the bursts (Figures S6G-S6I and S6K). At 5 Hz, the Ib input facilitated by nearly 100%, while the Is input depressed by $20% (Figures 6C-6E ).
Given the heterogeneity in P r between synapses at both Ib and Is NMJs ( Figures 4K and S4H ), we wondered whether the basal properties of a synapse (e.g., whether it has high or low P r or is silent) determine its tendency to depress or facilitate. To address this, we categorized quantal responses for each pixel within Is and Ib NMJs during trains of stimulation at 5 Hz. By comparing the second half of a train to the first half, we identified pixels as either unchanged, facilitated, depressed, silenced, or recruited . Reflecting the overlapping basal P r distributions ( Figure 4K ), Ib and Is inputs had similar percentages of pixels that were silenced, facilitated, or unchanged during the train, but pixels that were recruited from a silent state were $70% more abundant at Ib inputs, whereas pixels that were depressed (but not silenced) were $70% more abundant at Is inputs ( Figure 6F ). The sites that fell into the different categories were highly intermingled spatially ( Figure S6L ). These results suggest that depression at Is inputs is primarily an outcome of a tendency of synapses to decline in P r but remain active, while facilitation at Ib inputs is primarily an outcome of the recruitment of silent synapses.
Having identified different classes of synapses on the basis of basal transmission and short-term plasticity in WT larvae, we next asked how these synapse subtypes contribute to Ibspecific homeostatic compensation in GluRIIA larvae. First, we observed that quantal density depression at the Is input was normal in GluRIIA (WT Is depresses to 78.9% ± 5% and GluRIIA Is depresses to 80.5% ± 2%; p = 0.996) (compare Figures 6G, 6I, and 6J with Figures 6B, 6D , and 6E). However, Ib inputs in GluRIIA showed significantly less global facilitation in quantal density during stimulation at 5 Hz compared with WT (WT Ib facilitated to 192.3% ± 18% and GluRIIA Ib facilitated to 131.6% ± 15%; p = 0.006). This reduction in global facilitation was due to a reduction in the number of silent sites that were recruited during the 5 Hz train (WT Ib 30.9% ± 1.7% versus GluRIIA Ib 24.8% ± 0.92%; p = 0.004). These data, coupled with higher single-synapse basal P r (Figures 5F and 5G), similar basally active synapse densities ( Figure S5N ) and similar active zone densities ( Figure S5O ), suggest that homeostatic signaling at Ib inputs compensates for decreased postsynaptic sensitivity by both increasing the reliability of active synapses and reducing recruitment of silent sites during high-frequency activity.
Input-Specific Homeostasis at Ib Synapses Is Independent of Is Release
We have shown above that, during locomotor behavior, the Is input provides a relatively small percentage of the total synaptic drive ( Figures 2F and 2G ). However, its larger quantal size (Figures 3F and 3G) and higher P r (Figures 4K and 4L) means that the Is input can still provide a significant depolarization and influx of Ca 2+ into the muscle over a range of AP frequencies (see . We therefore asked whether loss of Is transmission would trigger homeostatic compensation at the Ib input that innervates the same muscle. Because we could not selectively block GluRs at Is postsynapses, we turned to presynaptic disruption of transmission by expressing the tetanus toxin light chain (TeTxLC), which blocks AP-evoked transmitter release through proteolysis of synaptobrevin 2 (Sweeney et al., 1995) . We targeted UAS-TeTxLC expression specifically to Is inputs using either RN2-Gal4 (Fujioka et al., 2003) 7B ) and a single interneuron in each hemisegment or ShakB-Gal4 to drive expression primarily in Is MNs (data not shown) (Takizawa et al., 2007) . As expected, in vivo SynapGCaMP6f imaging of dorsal muscles 1, 2, 9, and 10 showed that larvae expressing UAS-TeTxLC under RN2-Gal4 had a complete lack of Is activity, while Ib activity remained intact (Figures 7C-7E and S7A-D; Movie S8). In the semi-dissected preparation, low-frequency MN stimulation failed to evoke transmission from MNISN-Is and MN1-Ib but not MNSNb/d-Is (a ventral projecting Is MN that does not express the Gal4) or any other Ib synapse ( Figures S7E-S7G ). SynapGCaMP6f fluorescence and optical quantal sizes were unaffected by Is-TeTxLC expression at either input (Figures S7H and S7I) , with only a subtle decrease in spontaneous transmission rate being observed in the TeTxLC-expressing Is NMJ (Figure S7J) . Thus, expression of TeTxLC specifically eliminates evoked transmitter release from Is inputs. Interestingly, although loss of Is evoked activity left muscle contraction intact ( Figures  7F and 7G ), intersegmental wave activity was elevated using both selective MN Gal4 lines ( Figure 7H ), and an increased number of waves failed to propagate through multiple segments (Figure 7I) , suggesting a role for Is transmission in large-scale muscle coordination during locomotion.
Having found a driver for TeTxLC that selectively eliminates evoked transmission at Is inputs, we could now turn to muscles whose Is evoked activity was eliminated and examine the basal transmission properties of its paired Ib input. Strikingly, we found no change in Ib basal single-synapse P r or quantal density in the Is-specific TeTxLC larvae ( Figures 7J-7M and S7K ). In addition, high-frequency stimulation also revealed normal Ib plasticity in the absence of Is transmission ( Figures S7L-S7O) . Thus, there is no change of transmission at Ib synapses when the excitatory drive to a muscle is reduced by elimination of transmission from the nearby convergent Is input. In other words, homeostatic upregulation at Ib synapses is specifically responsive only to loss of postsynaptic glutamate sensitivity at its own Ib postsynapse.
Reduction in Postsynaptic CaMKII Activity Selectively Enhances Ib Presynaptic Release
Reduction in postsynaptic CaMKII activity has been shown to boost transmitter release, suggesting that homeostatic signaling is triggered by reduced activation of CaMKII following a reduction in Ca 2+ influx when GluRIIA-containing GluRs are removed (Haghighi et al., 2003 These observations indicate strong postsynaptic localization of active CaMKII at both inputs, near the site of transmissionevoked Ca 2+ influx. Interestingly, the total integrated pCaMKII values were 2.5-to 6-fold higher at Ib inputs compared with Is inputs that innervated the same muscle (Figures 8G and 8H) . This difference in pCaMKII is similar to the difference we observed in integrated Ca 2+ influx in vivo ( Figure 2G ). Consistent with the proposed relationship between GluRIIA and postsynaptic CaMKII, total pCaMKII levels were lower in GluRIIA, but only at Ib postsynapses ( Figures 8D-8H) . The above observations suggest that homeostatic compensation only occurs at the Ib input because GluRIIA only reduces CaMKII activity at Ib postsynapses. This selectivity may reflect a nonlinear relationship between the spatiotemporal rise in internal Ca 2+ and CaMKII activation (Stratton et al., 2013) . The experiments left unresolved whether Is postsynapses would be capable of generating the homeostatic signal if CaMKII activity was reduced. To address this, we turned to a method for excluded from this analysis in the RN2 > TeTxLC animals because of their expression of TeTxLC (pooled control, n = 46 activity bouts from 38 NMJs, 9 larvae; RN2 > TeTxLC, n = 125 bouts from 84 NMJs, 14 larvae). (H) Frequency of segment-wide SynapGCaMP6f activity within segments T2-A3 in WT (n = 10 larvae), UAS-TeTxLC (n = 10 larvae), RN2-Gal4 (n = 10 larvae), and RN2 > TeTxLC (n = 10 larvae), ShakB-Gal4 (n = 10 larvae), and ShakB > TeTxLC (n = 10 larvae). Inset illustrates the imaged area. Significance (****) was found between either RN2 > TeTxLC or ShakB > TeTxLC and all controls but not between TeTxLC expressing groups. (I) Percentage of continuous activity in (H) that spanned either one or two segments (left) or three or four segments (right). Similarly, in both sets, significance (****) was found between either RN2 > TeTxLC or ShakB > TeTxLC and all controls but not between TeTxLC expressing groups. (L) Mean 0.1 Hz evoked P r by NMJ for UAS-TeTxLC (Ib n = 6; Is n = 6 NMJs), RN2-Gal4 (Ib n = 6; Is n = 6 NMJs), and RN2 > TeTxLC (Ib n = 6; Is n = 6 NMJs; no AP-responsive Is sites). (M) Cumulative probability for 0.1 Hz evoked P r at pooled synapses for UAS-TeTxLC (Ib n = 667; Is n = 242 sites), RN2-Gal4 (Ib n = 642; Is n = 377 sites), and RN2-Gal4 > TeTxLC (Ib n = 653 sites). Mean ± SEM indicated. Comparisons were made using one-way ANOVA with Tukey's post hoc test (H, I, and L) or Kruskal-Wallis with Tukey's post hoc tests for pooled data (M). ****p < 0.0001.
inhibiting CaMKII activity throughout the postsynaptic muscle using the CaMKII inhibitory peptide, UAS-Ala (Griffith et al., 1993) , under the control of the muscle-specific 24B-Gal4 (Luo et al., 1994) . The CaMKII inhibitory peptide had no effect on baseline SynapGCaMP6f fluorescence ( Figure S8F ) or evoked fluorescent event amplitudes ( Figure S8G ). Additionally, similar to GluRIIA, there was no change the density of active synapses ( Figure S8H ) or the variability in P r ( Figure S8I ) at either input. Thus, most aspects of synaptic function were normal, putting us in position to ask how CaMKII inhibition affects transmitter release. We found that postsynaptic expression of the CaMKII inhibitory peptide increased both the single-synapse P r (Figures 8I and 8J) and quantal density per stimulus at Ib synapses ( Figure S8J ), similar to the effect of the GluRIIA mutation. (I) Mean 0.1 Hz evoked P r by NMJ for UAS-Ala (Ib, n = 8; Is n = 8 NMJs), 24B-Gal4 (Ib, n = 8; Is n = 8 NMJs), and 24B > Ala (Ib, n = 9; Is n = 9 NMJs). (J and K) Cumulative probability for pooled 0.1 Hz evoked single synapse P r for UAS-Ala (Ib, n = 869; Is, n = 414 sites), 24B-Gal4 (Ib, n = 792; Is, n = 339 sites), and 24B > Ala (Ib, n = 717; Is, n = 427 sites) for Ib (J) and Is (K) NMJs. Mean ± SEM indicated. Comparisons made with one-way ANOVA with Tukey's post hoc test (H and I) or Kruskal-Wallis with Tukey's post hoc tests for pooled data (J and K). *p < 0.05; **p < 0.01; ****p < 0.0001.
In striking contrast, the CaMKII inhibitory peptide had no effect on either P r or quantal density at Is synapses ( Figures 8I, 8K , and S8J).
Together, these observations indicate that the Ib postsynapse signals more strongly to the homeostatic machinery in response to reduced CaMKII activity and, moreover, reacts with a larger decline in CaMKII activity in response to loss of excitatory drive. The upshot is that homeostatic compensation occurs exclusively at the Ib input that dominates locomotor drive (see Figures 1 and 2 ).
DISCUSSION
The relationship between in vivo synaptic activity and the homeostatic mechanisms that stabilize synaptic function has remained unclear. In this report, we present a new optical reporter of excitatory synaptic transmission, combined with novel imaging of a live, intact, and behaving organism that enables us to relate synaptic activity at multiple targets simultaneously throughout an animal in vivo, to synaptic activity at synapses formed on a common postsynaptic cell by two convergent input types, Ib and Is. These techniques are sensitive enough to detect single quantal events, while tracking neurotransmitter release from hundreds of synapses simultaneously. Moreover, we are able to obtain a direct measure of the P r at individual synapses of both inputs from optical failure analysis. Using these methods, we have investigated short-term plasticity and the homeostatic regulation of synaptic reliability. We find that both activitydependent forms of synapse regulation as well as basal synaptic transmission are controlled differentially in the two input types (see Figure S8K ), reflecting the discrete physiological roles of these inputs in the behaving animal.
Input-Specific Synaptic Physiology and Behavior
The Ib and Is inputs to the Drosophila larval muscle respectively resemble tonic (low P r , facilitating) and phasic (high P r , depressing) inputs seen at neuro-muscular and neuro-neuronal connections in other organisms (Atwood and Karunanithi, 2002) . Given these differences, the Is input has been proposed to initiate strong, phasic muscle contractions (Schaefer et al., 2010) . However, we find that the primary excitatory drive and main cause of muscle contraction in larval Drosophila is actually the Ib input. This is despite the fact that Is synapses have a higher basal P r and larger quantal sizes. These functional differences likely reflect the relatively short duration of the Is bursts of activity and the relatively small number of active zones of the Is terminal. Whereas elimination of transmission from Is inputs had little or no effect on muscle contraction during restrained locomotion, just as it had earlier been shown to have negligible effect on general behavior (Suster et al., 2003) , we find that the Is input is needed for normal intersegmental coordination of contraction waves. This is consistent with the broad, multi-muscle Is innervation pattern (Hoang and Chiba, 2001) .
Ib synaptic activity begins before and ends after Is activity, consistent with their common presynaptic inputs and different intrinsic excitabilities (Choi et al., 2004; Schaefer et al., 2010) . Recent work has shown that excitatory and inhibitory interneurons regulate the differential recruitment of MNs between hemisegments and within hemisegments, respectively (Heckscher et al., 2015; Zwart et al., 2016) . While Ib inputs ramp up their synaptic drive during locomotor bursts, Is inputs abruptly reach a maximum, which they often sustain for the duration of the shorter burst. Given their substantial depression during high-frequency stimulation, the ability of the Is input to sustain a fixed output level during locomotion suggests that it increases the firing frequency during the bursts. The common interneuron drive within the VNC suggests that the progressive increase in synaptic drive during the Ib burst may also be partly due to an increase in frequency during the burst, in addition to the recruitment of silent synapses and increase in P r of active synapses, which we observe during facilitating high-frequency trains. Thus, a combination of circuit-level and cell-autonomous differences combine to generate the complex behavioral output of the larva from a limited number MNs and muscles.
Diversity in Basal Transmission and Short-Term Plasticity Spontaneous glutamate release has been shown to play a role in synapse development (Choi et al., 2014) . However, we find that spontaneous release in vivo represents only $1% of total release, suggesting that evoked release would drown out the influence of spontaneous release. One possible explanation is that in late third-instar larvae, spontaneous release may represent a larger fraction of total synaptic transmission than earlier in development when the developmental influences are exerted. An intriguing alternative explanation derives from our finding that, at both inputs, synapses preferentially participate in either evoked or spontaneous release. This suggests that developmental signals could occur at a subset synapses that are dominated by spontaneous release.
We find that synapses of both inputs differ in key properties, with Is synapses having larger quantal sizes, less total spontaneous release, higher P r , and short-term depression (as opposed to facilitation in Ib synapses) during high-frequency trains. The difference in short-term plasticity between the inputs is consistent with electrophysiological analysis of responses to separate stimulation of Is or Ib axons (Lnenicka and Keshishian, 2000; Lu et al., 2016) , as well as modeling (Knodel et al., 2014) . These resemble input-specific differences seen in the mammalian brain, such as between parallel and climbing fibers converging on Purkinje cells (Dittman et al., 2000; Mapelli et al., 2015) or interneurons in the cortex (Gupta et al., 2000) . The tendency to facilitate or depress is shaped by basal P r , where high P r results in greater depletion of immediately releasable vesicles leading to depression (Zucker and Regehr, 2002) . Although overall this agrees with our observation that Is synapses have higher P r and depress, we find that despite overlapping distributions of single-synapse P r , overall release tended to depress in Is and facilitate in Ib, suggesting additional differences in regulation. This greater complexity comes into stark relief when we examine the behavior of hundreds of individual synapses during high-frequency trains of presynaptic firing. We find that the heterogeneity of short-term plasticity within an input is much greater than was previously appreciated. We categorize local plasticity dynamics by how transmission changed during a stimulus train and find that the inputs differ only in two categories, Is inputs having a larger number of active sites that depress and Ib having a larger number of silent sites that are recruited to a releasing state. These observations reveal a previously unknown level of specialization in basal release and plasticity between neighboring synapses of a common input.
Input-Specific and Input-Autonomous Homeostatic Plasticity
The Drosophila larval NMJ has proven to be a powerful system for studying synaptic homeostasis. The mechanism of this homeostasis is that reduction in quantal size (because of reduced GluR conductance that results from either mutation of a GluR subunit or partial pharmacological block) triggers a retrograde signal that leads to increased transmitter release, restoring the normal the normal level of excitatory drive (Davis and M€ uller, 2015) . Our results reveal a new aspect to homeostatic plasticity by showing that it is specific to input and acts primarily at synapses with certain properties of basal transmission, short-term plasticity and physiological function. We find that only glutamate release from the Ib input is boosted during homeostatic compensation. We attribute this to the fact that despite the smaller quantal size and unitary Ca 2+ influx at Ib synapses, Ib inputs have longer bouts of activity, resulting in much larger aggregate Ca 2+ elevation in the Ib postsynapse during locomotion. The larger Ca 2+ influx drives a higher activation of CaMKII in the Ib postsynapse. Critically, mutation of the GluR subunit to reduce quantal size at both Ib and Is synapses exclusively reduces activated CaMKII at the Ib postsynapse. Why there is no reduction in activated CaMKII at the Is postsynapse is not clear, though nonlinearity in the relationship between the Ca 2+ concentration profile and CaMKII activation (Stratton et al., 2013) and differences in GluR subunit composition that influence Ca 2+ influx (Marrus et al., 2004 ) may contribute. A second mechanistic difference ensures exclusivity for homeostatic signaling to the Ib input: even when CaMKII activity is inhibited throughout the muscle, only Ib presynapses are boosted in P r . This could mean that Is presynapses are not responsive to the homeostatic signal. Alternatively, it could mean that Is postsynapses are incapable of generating the homeostatic signal, an idea that would be consistent with our finding that elimination of release from Is axons does not induce homeostatic compensation at Ib synapses. However, this would also require that the retrograde homeostatic signal act very locally so that it could not travel even a few microns from signaling-capable Ib postsynapses to Is boutons that are often located very close by. Another possibility is that basal P r is high at Is synapses partly due to lower levels of activity in vivo resulting in greater homeostatic enhancement in presynaptic release, which in turn could occlude further increases in synaptic reliability following changes in GluR composition or global postsynaptic CaMKII inhibition.
Evidence for signaling compartmentalization can be seen in the structural differences between Ib and Is NMJs, particularly on the postsynaptic side. Ib axons are surrounded by a significantly thicker and more elaborate SSR (Atwood et al., 1993; Jia et al., 1993) . There are also substantial differences in the localization of key organizing postsynaptic proteins such as Dlg which is present at higher levels in Ib postsynapses (Lahey et al., 1994) . CaMKII activity has also been shown to affect SSR structure and Dlg localization (Koh et al., 1999) . Thus, the different activity patterns during native behaviors may also directly regulate postsynaptic properties other than presynaptic release to maintain functional diversity.
The presynaptic changes that mediate homeostatic compensation in P r are only partly known. Homeostasis has been shown to be accompanied by an increase in presynaptic AP-evoked Ca 2+ elevation in Ib boutons (M€ uller and Davis, 2012) . Although a number of molecules have been demonstrated to play a role in mediating presynaptic homeostatic compensation (Davis and M€ uller, 2015) , it remains to be determined how these mechanisms interact with input-specific differences in strength and plasticity. Although homeostasis has been generally thought to be a global mechanism to regulate synaptic strength, evidence has emerged that homeostasis can be regulated with variable degrees of specificity (Davis and M€ uller, 2015; Turrigiano, 2012) . We have now demonstrated that homeostatic changes can also propagate retrogradely to the presynaptic neuron in an input-specific and synapse-autonomous manner. Given the divergent innervation of multiple muscles by Is inputs and unique innervation by Ib inputs, a Ib-specific homeostatic mechanism can provide greater functional flexibility.
Conclusions
By combining in vivo, physiological measurements of glutamate release with high-resolution quantal analysis at single synapses in the semi-dissected preparation, we have clarified the relative properties of convergent glutamatergic inputs in the larva during native behaviors. Importantly, we have demonstrated that the regulation of basal synaptic strength, short-term plasticity, and homeostasis are shaped in a precise input-specific manner. The Ib input has higher levels of in vivo activity, lower P r synapses, and a propensity for facilitation by recruiting silent synapses during spike trains. Furthermore, the Ib input is the primary determinant for contraction dynamics in the behaving animal. Consistent with its dominant role, when postsynaptic sensitivity to glutamate is altered at both inputs, there is a selective homeostatic adjustment in the amount of neurotransmitter released from Ib input. CaMKII, localized to the postsynaptic density, is ideally placed to detect local changes in postsynaptic activity at both inputs, and postsynaptic inhibition of CaMKII activity is sufficient to enhance release at the Ib input, demonstrating a high degree of signaling compartmentalization within a single muscle cell. Together, these results demonstrate how synaptic activity at the Drosophila larval NMJ is precisely regulated to ensure both functional diversity and stability.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ehud Isacoff (ehud@berkeley.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Drosophila
Transgenic flies were made using standard germline transformation by embryo injection (BestGene, Chino Hills CA). UAS-tdTomato flies were generated by Einat Peled. 24B-Gal4 (Luo et al., 1994) , UAS-Ala (Griffith et al., 1993) , GluRIIA SP16 and Df(2L)cl h4 (Petersen et al., 1997) flies were from Corey Goodman (UC Berkeley). UAS-TeTxLC (Sweeney et al., 1995) was from Kristen Scott (UC Berkeley). RN2-Gal4 (#7473) and ShakB-Gal4 (#51633) lines were from Bloomington Drosophila Stock Center (Bloomington, IN). Flies were raised on standard corn meal and molasses media at 25 C. Both male and female wandering third instar larvae were used in all experiments. When required, third instar larvae were screened using an Axio Zoom.V16 microscope (Carl Zeiss, Oberkochen, Germany) through the use of balancers with larval markers including CyO GFP (3xP3-EGFP variant) and TM6B. Only actively crawling larvae were used for experiments. Unless otherwise noted, all larvae contained a single copy of SynapGCaMP6f. The following genotypes were used: wild-type control (w 
METHOD DETAILS
SynapGCaMP6f Construct
The Ca 2+ sensor GCaMP6f (Chen et al., 2013) was targeted to the muscle as done previously (Peled and Isacoff, 2011; Peled et al., 2014) starting with the SynapGCaMP3 DNA construct (MHC-CD8-GCaMP3-Sh), which includes the myosin heavy chain (MHC) promoter, CD8 transmembrane domain and 154 amino acids from the C-terminal tail of the D. melanogaster shaker (Sh) potassium channel. GCaMP6f (#40755, Addgene, Cambridge, MA) was amplified with SpeI containing primers and inserted into the SpeI site of the SynapGCaMP3 construct, exchanging GCaMP3 for GCaMP6f to generate the SynapGCaMP6f construct MHC-CD8-GCaMP6f-Sh.
In vivo Imaging Chambers
For all in vivo imaging, third instar larvae were mounted in a custom-built gas-permeable poly(dimethylsiloxane) (PDMS) imaging chamber. The PDMS chambers were fabricated using standard soft lithography replica molding techniques. A 500 mm-thick mold for the PDMS chambers was fabricated with SU8-2150 (Microchem, Westborough, MA) on a silicon wafer, followed by the silanization of SU8 mold in a vacuum desiccator to aid release from PDMS. PDMS (Sylgard 184, Dow Corning, Auburn, MI) was prepared with a 10:1 mass ratio (base to cross-linker), degassed in a vacuum chamber for 30 min, poured on the SU8 mold, cured in an oven at 60 C for at least 2 hr. The PDMS was then carefully peeled off the mold and individual chambers were cut to shape.
In vivo Intact Larval SynapGCaMP6f Imaging
Imaging was performed in a PDMS chamber with an internal depth of 500 mm and an internal width of 1 mm ( Figures 1A and S1A ). Larvae were oriented with the dorsal surface up in the chamber and gently sealed in the chamber using standard coverslip glass. Larvae were imaged using an Axio Zoom.V16 microscope (Zeiss) with a 2.3x 0.57 NA objective, a FS 38 HE filter set (Zeiss, excitation BP 470/40nm HE; emission 525/50nm HE) and an AxioCam Hr R3 camera. Image acquisition was performed by Zen 2 (Zeiss). Anterior half of the whole larva or dorsal muscles 1, 2, 9 and 10 from segments T3, A1 or A2 were used. Anterior segments provided the cleanest images without significant contamination from the often autofluorescent gut and light scattering fat tissue; however, this technique was able to detect synaptic activity at nearly all body-wall muscles from all segments. For image acquisition, 50 ms images were acquired at frequencies between 14-20 Hz continuously for 1-2 min with a final magnification of either 40x or 260x and a 2 mm depth of field (aperture fully opened). The large depth of field prevents the NMJs from moving out of focus during small movements. All MN activity was endogenous and data were only used from larvae that exhibited sustained activity following the mounting and imaging process. Recordings or NMJs where there was too much movement or NMJs that moved completely out of focus were excluded from the analysis.
SynapGCaMP6f Optical Quantal Imaging
For high-resolution quantal analysis, third instar larvae were first dissected in HL3 solution containing, in mM: 70 NaCl, 5 KCl, 0.45 CaCl 2 $2H 2 O, 20 MgCl 2 $6H 2 O, 10 NaHCO 3 , 5 trehalose, 115 sucrose, 5 HEPES, and with pH adjusted to 7.2. Following removal of the brain, larval fillets were washed and imaged in HL3 containing 1.5 mM Ca 2+ and 25 mM Mg 2+ , unless otherwise noted (see Figures   S3G and S5S-S5V). Fluorescence images were acquired with a Vivo Spinning Disk Confocal microscope (3i Intelligent Imaging Innovations, Denver, CO), which included a 63x 1.0NA water immersion objective (Zeiss), LaserStack 488nm (50 mW) laser, Yokogawa CSU-X1 A1 spinning disk (Tokyo, Japan), standard GFP filter, and EMCCD camera (Photometrics Evolve, Tucson, AZ). Unless otherwise noted (see Figure S7F and S7G, where 20x water objective was used), all fillet recordings were done on ventral longitudinal abdominal muscle 4 at segments A2-A5 of third instar larvae. Fields of view were first selected to maximize the area of both Ib and Is terminals that could be imaged within a single focal plane. The imaging area was then cropped to just the NMJ area.
Nerve stimulation was performed with a suction electrode attached to a Stimulus Isolation Unit (SIU, ISO-Flex, A.M.P.I Jerusalem, Israel) with a 75-100 ms stimulus duration. Stimulation intensity was adjusted to recruit both Ib and Is axons as verified during the imaging. Nerve stimulation and imaging were synchronized using custom-written MATLAB (MATLAB Version R2015b and Image Processing Toolbox Release R2015b, MathWorks, Natick, MA) scripts used to control the SIU and trigger imaging episodes within SlideBook (v6.0.9, 3i Intelligent Imaging Innovations) .
Episodic stimulation and imaging protocols (only possible at stimulation frequencies between 0.1 -1 Hz) involved acquiring images as a series of 10 images (50 ms exposures). Each episode had at least 3-4 baseline frames prior to nerve stimulation. In most cases, 200 stimulus trials at 0.1 Hz were used for analysis to minimize the effects of statistical fluctuations on the calculation of P r at individual synapses (see below). Spontaneous release was measured by imaging continuously at 20 Hz (50 ms exposures in streaming capture mode) for 2 min total separated into four 30 s imaging blocks to allow for the manual correction of any drift. For the simultaneous analysis of spontaneous and evoked quantal amplitudes (only Figure S4K ), images were similarly acquired at 20 Hz continuously for 100 s with 10 stimulation trials at 0.1 Hz. High-frequency stimulation experiments involved imaging continuously (50 ms exposures in streaming capture mode) at 20 Hz and waiting 3 s before stimulating at the indicated frequencies and durations ( Figures  6 and S6 ). Stimuli were time-locked to the start of the recording to register stimuli.
Data collection and subsequent analysis were not performed blind; however, care was taken to ensure that the animals received the same treatment before and during the recordings. Data were then analyzed with the same parameters for all relevant automatic detection thresholds when possible. In all cases, due to the length of individual recording sessions for a given experiment, genotypes were randomly rotated on each day to ensure that data for each genotype were generated on multiple days. However, all replicates for a particular experiment were performed by the same person to remove any source of variability in the preparation of animals. Similar numbers of replicates were used for each genotype within a given experiment.
Electrophysiology
Third instar larvae were dissected as described above and all recordings were performed on muscle 4 from segment A3 in HL3 containing 1.5 mM Ca 2+ and 25 mM Mg
2+
. Recording electrodes contained 3 M KCl and had resistances in the range 15-35 MU. Only muscles with a resting membrane potential (V m ) below À60 mV and a membrane resistance above 4 MU were used for the analysis. For two-electrode voltage clamp experiments, the membrane was held at À80 mV. All data were recorded at 5 kHz, with an AxoClamp-2A amplifier and Digidata 1322A interface and Clampex 8.0 software (Molecular Devices, Sunnyvale, CA). The motor neuron was stimulated as described above. For simultaneous spontaneous mEPSP measurements with imaging, the image acquisition was triggered by the Digidata so that the imaging was time-locked to the start of the electrophysiology recording. During these recordings we are unable to account for all mEPSP events during our optical analysis. This is due to several technical factors. The combination of spinning disk confocal microscope and high-magnification objective (63x) mean that we can only image from a fairly limited Z section of the muscle surface. We are able to reliably identify events around a single bouton, but if other boutons are located at a different Z position along the curved muscle surface, we may not be able to image those SynapGCaMP6f signals. Similarly, the branching patterns of both Ib and Is axons may prevent us from imaging the entire Ib and Is NMJs simultaneously. Thus, as many as about 50% of either input may not be imaged at a given time, while the electrical mEPSP measurements should be detectable from the entire muscle. However, we should also note that it is possible that mEPSPs may also be missing, as has recently been reported (Nguyen and Stewart, 2016) . Given these concerns, we find that nearly all optical events have a corresponding mEPSP but not viceversa, with many mEPSPs not having an observed optical event.
For simultaneous two-electrode voltage clamp and imaging experiments (see Figures S3J-S3M ), image acquisition was similarly triggered by the Digidata and brief voltage steps were applied to determine whether voltage-gated channels contributed to the SynapGCaMP6f response. We find that voltage steps, even to a membrane potential of 0 mV from À80 mV, failed to produce a detectable fluorescence change.
Antibody Labeling
Larvae were fixed in Bouin's fixative (Ricca Chemical Company, Arlington, TX) for 5 min, permeabilized in PBS with 0.1% Triton X-100 (PBT) and blocked in PBS with 0.1% Triton X-100, 5% normal goat serum, and 0.02% NaAzide (PBN). All antibody incubations were performed in PBN and washes were performed in PBT. Mouse anti-Brp (nc82) and mouse anti-GluRIIA (8B4D2) primary antibodies were used at 1:100 (Developmental Studies Hybridoma Bank, Iowa City, IA). Polyclonal rabbit anti-pT286 CaMKII (PA5-17755, Thermo Fisher Scientific, Waltham, MA) antibody was used at 1:200. Rabbit anti-GFP antibody (A21311; Thermo Fisher Scientific) was used at 1:1000 to label SynapGCaMP6f following fixation. Alexa Fluor 488 (123-545-021) and Cy3-conjugated (123-165-021) goat anti-Hrp antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were used at 1:100. Alexa Fluor 488 goat anti-rabbit (A11008), Alexa Fluor 532 goat anti-mouse (A11002), and Alexa Fluor 647 goat anti-mouse (A21235) secondary antibodies (Invitrogen) were used at 1:1000. Following antibody incubations and washes, larval fillets were mounted in Vectashield (Vector Laboratories, Burlingame, CA). Antibodies obtained from the Developmental Studies Hybridoma Bank were developed under the auspices of the National Institute of Child Health and Human Development of the National Institutes of Health and maintained by the Department of Biological Sciences of the University of Iowa, Iowa City, IA.
Immunofluorescence Imaging NMJ images of antibody labeled fillets were acquired with a LSM 780 or LSM 880 microscope and a 63x/1.4 DIC oil immersion objective using Zen software (Zeiss). For comparisons of pCaMKII levels between different genotypes all antibody labeling and imaging were performed on the same day under identical conditions. Z stacks were acquired with between 0.5 mm to 0.25 mm z axis spacing except for images of the larval central nervous system and ventral nerve cord, which used a 5x objective and 2 mm spacing.
QUANTIFICATION AND STATISTICAL ANALYSIS
In vivo Image Analysis All image analysis was performed using custom-written MATLAB routines. Images were first converted using the Bio-Formats MATLAB Toolbox from the Open Microscopy Environment (Linkert et al., 2010) . To stabilize the moving and contracting NMJs in vivo, movies were run through a series of successive image registration steps. Individual recordings often contained several Ib and Is NMJ pairs that were processed separately. Coarse, rigid translational movements of the NMJ pairs were removed by computing the x-and y-displacements to arrive at the maximum 2D cross-correlation between successive frames. These corrections eliminated the movement from neighboring hemisegments and large local contractions. The individual NMJs within the tracked areas were then registered using affine and diffeomorphic nonlinear (Demon) transformations (MATLAB Image Processing Toolbox Release R2015b), where a high intensity frame (with both Ib and Is NMJs showing activity) was used as reference. The combination of these methods corrected for the shape changes that occurred during contraction of the muscle locally. Fluorescence data were calculated using regions of interest (ROIs) that were manually drawn around either 1 to 2 boutons or the entire NMJ depending on the type of analysis performed. Absolute fluorescence from both Ib and Is NMJs was always contaminated by a combination of internal larval autofluorescence, residual out of focus SynapGCaMP6f fluorescence, and broad SynapGCaMP6f fluorescence within the muscle. This later fluorescence was present at lower levels and therefore capable of measuring Ca 2+ activity more broadly throughout the muscle near the membrane. Muscle contractions gave rise to slower and spatially uniform fluorescence signals, which remained tightly correlated with high levels of synapse activity (see Figure S1F ). These fluorescence changes were consistent with what one would expect from the rapid conduction of the EPSP voltage along the large diameter muscle fiber, coupling of Ca 2+ influx through voltage-gated channels to Ca 2+ -induced Ca 2+ release from internal stores. These spatially uniform muscle fluorescence signals (F m ), along with any corresponding background fluorescence changes were therefore always subtracted from the absolute fluorescence prior to calculating Ib and Is DF/F by calculating the mean fluorescence intensity from an area adjacent to both types of NMJs but not containing any synapses. Bleaching under these imaging conditions was minor but F m subtraction often also corrected for any slow bleach during long recordings. This process allowed the synaptic component of the SynapGCaMP6f fluorescence changes to be cleanly isolated in the complex in vivo environment of a behaving larva.
In order to quantify the degree of synchronicity between Ib and Is NMJs, Pearson's correlation coefficients were calculated between DF/F traces averaged across single boutons ( Figure S1E ). Similar correlation analysis was performed between DF/F traces and F m ( Figure S1F ). Total NMJ translation magnitude was calculated as the summed magnitudes of all of the motion correction steps for an individual bouton including the coarse translation correction and affine translation magnitudes (see Figure 1G , black trace and Figures S1B-S1D). Muscle contraction dynamics were quantified using the shear values from the 2D affine transformation matrices for each frame, which were computed during the registration process. Thus the normalized shear metric (Figures 1H and 1I and 7F and 7G) To define distinct periods of activity, time to high-state, and mean onset delay (Figures 2A, S2B and 2H), we binned DF/F values into 100 equally spaced bins based on their magnitudes. The relaxed, low-state was defined when the DF/F signal was in the lower 25 bins. Since the high-state was more variable, it was defined when the DF/F signal surpassed the 50 th bin. Percent active time was calculated by dividing the period when DF/F signals were in this high-state by the total duration of the movie. The time to high-state was defined when DF/F surpassed 10% of the low-state level, which represented the start time, and reached to within at least 10% of the high-state level, representing the end time. This 10% tolerance was used to minimize false positive start and end times due to the noisiness of the DF/F signals. Delays between Ib and Is bouts of activity were calculated using these aforementioned start times. All onset periods were then verified manually to guarantee that none were false positives.
To classify Ib NMJ activity states relative to the paired Is activity ( Figure 2C ) we first took the raw fluorescence traces from Ib regions, normalized to the baseline and peak normalized, and then divided by the maximum peak value to obtain activity values from 0 to 1. The activity index value was obtained by taking the integral underneath this new normalized activity trace. We divided Ib synaptic activity into distinct phases by looking at the temporal correlates of Is activity. Since Ib activity occurred before, during, and after Is activity, our activity index values were therefore divided into three distinct phases: a pre-Is phase, an on-Is phase, and a postIs phase.
A metric reflecting the total integrated Ca 2+ influx, or total synaptic transmission, at Ib and Is NMJs was achieved by summating DF/F values spanning the majority of the SynapGCaMP6f area corresponding to each NMJ subtype as well as the entire duration of the recording (Figures 2D-2G ). For a given frame, we first subtracted F m . We then calculated the DF/F at each pixel (p) of the NMJ region, where F 0 was calculated for each pixel during a silent period. These DF/F values were then summated within the entire NMJ region (m pixels) for each frame (t), and finally summated across all movie frames (n) to give us a final total synaptic transmission value for a given movie and NMJ:
There are several caveats to this analysis. The inactive in vivo baseline fluorescence (F 0 ) at Is NMJs is usually quite low. Therefore, the Is F 0 following subtraction of the F m often became very small, likely leading to an overestimation of the DF/F. Care was taken to use ROIs to calculate F m that permitted the retention of accurate information about Is activity. As the background, F m , subtraction is necessary to isolate the Is activity, the calculation of the total synaptic transmission in Is NMJs is also likely overcorrected. However, we found that the total integrated activity at Ib is always larger than the Is total synaptic transmission despite this, so overcorrection does not change the results (Figures 2E-2H) . Additionally, we cannot account for the nonlinearities in the SynapGCaMP6f responses under persistent high levels of synaptic activity or the nonlinear summation (see below) in the membrane voltage during simultaneous Ib and Is activity in vivo, which may also affect the apparent Ca 2+ activity.
Fluorescent events representing quantal, spontaneous vesicular release were detected during periods of muscle relaxation and the absence of motor neuron activity ( Figures 2I-2K and Figure S2 ). These events were automatically detected within the affine registered data for each NMJ using the same method as described in more detail below. All automatically detected events were further filtered by their amplitude, size, and roundness and were subsequently verified manually. The frequency of spontaneous release was calculated by selecting ROIs over the majority of the Ib or Is NMJ areas, counting the number of events occurring in either area and dividing by the total relaxed, inactive time ( Figure 2L ). The spontaneous/evoked total synaptic transmission ratio was calculated using the suprathreshold pixels associated with each spontaneous quantal event ( Figures 2M and S2I) . The DF/F after background subtraction was summated for these pixels in the same manner as described above. This method increased the signal-to-noise by ensuring that only spontaneous, quantal events made up our total activity integral during relaxed periods rather than background or movement-associated DF/F artifacts. The total MN-evoked activity was calculated in a similar manner as above, using the whole Ib or Is NMJ area, except only the MN-active frames were included in the total synaptic transmission calculation, excluding those time points that were spontaneously active. These spontaneous quantal summated values were then divided by the active state to calculate the spontaneous/evoked ratio.
To analyze intersegmental wave propagation dynamics ( Figures 7H and 7I ) we manually analyzed 40x magnification movies (see Movie S1), where at least four segments between T2 and A3 were visible and in focus. We classified large-scale activity based on the number of segments that individual wave events propagated through. The maximum value was four segments, and the minimum value was one segment. Single segment events were defined based on asynchronous firing patterns between segments, indicating uncoordinated large-scale activity.
Optical Quantal Image Analysis
Quantal image analysis was performed using techniques similar to previous work (Peled and Isacoff, 2011; Peled et al., 2014) , using custom-written MATLAB routines. All images were initially filtered (Gaussian low-pass filter), to reduce high-frequency noise. Images were then separated into Ib and Is regions based on their baseline SynapGCaMP6f fluorescence, which was 2-to 3-fold lower at Is synapses compared to their Ib counterparts on the same muscle ( Figure S3A ). Individual stimulus trial episodes were motion corrected by maximizing the 2D cross-correlation for the whole NMJ region of the first frame of each episode to a reference frame. This was repeated again separately for smaller portions of the NMJ to account for minor shape changes that often occurred during long recordings. Images were then bleach corrected (with SynapGCaMP6f and spinning disk confocal imaging, bleaching is very minor) using a double exponential fit to the baseline and post-activity fluorescence data for each trial separately. Individual stimulus trials were excluded if the NMJ was out of focus, moving during the acquisition period, or the stimulus failed to recruit one of the axons.
For automatic detection of MN stimulation-evoked DF spots, in the episodic imaging mode, we first manually identified several (> 20) DF spots (across > 10 release sites and several stimulation trials). These were used for generating DF traces. The average of these DF traces was used to generate a template response. A separate template response trace was used for different image intervals and recording conditions. Pixel-by-pixel DF values were then used to generate DF response images, and DF images were divided by basal-fluorescence (t = 0) images to obtain the normalized DF/F values. Participating pixels were identified if they had a high degree of correlation with the template response, as determined by the maximum cross-covariance as well as DF/F amplitudes that were above a threshold (typically between 0.04 -0.05 DF/F) and at least 1.5 to 2 times larger than the standard deviation of the values at that pixel. Active pixels were grouped together and we applied additional size and amplitude thresholds to eliminate any false positive quantal spots ( Figures S4B-S4E) .
To construct release probability maps we applied an additional filter (Gaussian) to smooth the edges of the thresholded quantal spots. We then identified the centers of DF spots in response images by searching for well-isolated 2D local maxima, and counted how many times out of all stimulation trials each pixel was identified as a spot center. The probability maps are color coded to show the percentage of times each pixel was identified as a DF spot center ( Figure 4B ). The probability scale for these images was set so that its maximum reports the maximal release-site P r in the image. Probability maps were filtered (Gaussian) for display purposes. Reported probability values were not affected by this filtering because they were determined using unfiltered data (see below).
To determine P r of individual release sites, each site was manually identified as a spatially distinct local maximum in the filtered P r map. For Ib release sites, a 4x4 square area was assigned to each site and the number of DF spots that were centered in that area during all stimulation trials was counted. For Is release sites a 5x5 pixel area was used because of the greater uncertainty in the spot center locations due to the larger evoked quantal spot sizes and amplitudes. To obtain P r values for each site, the total number of DF spot centers was divided by the number of stimulation trials. To determine evoked transmission amplitudes within individual release sites, the maximum DF/F within the release site box was measured each time a response was counted within that site.
To avoid any bias due to the need for manual identification of release site locations as well as the possibility of low probability sites near high P r sites that would not otherwise be identified, we also included an unbiased metric of the quantal density for all of the recordings. Quantal density is calculated as the area-normalized quantal content. This metric used the total number of DF spot centers identified for each stimulus trial and averaged over the total 200 stimulus trials and divided by the total area of the imaged Ib or Is NMJ.
We normalized this to the total imaged area because, due to the shape of the muscle and the branching patterns of both NMJs, it was often impossible to image the entire NMJ (something that was not a problem in vivo). The quantal density metric is relatively stable over 200 trials, > 30 min of episodic imaging (see Figure S6B ), even though some slow bleaching was noted in the average DF/F amplitudes during long recordings. This decay during 0.1 Hz stimulation experiments occurred slowly and similarly at both NMJs (data not shown). This metric is unbiased and more sensitive to changes in release at the low P r synapses as it does not require any synapse detection in the cumulative activity maps prior to calculation. However, it is not equivalent to the classic quantal content metric as we were not always able to image the entire Ib and Is NMJ areas simultaneously.
Automatic detection of spontaneous activity was accomplished with a technique similar to the method described above for the episodic acquisition mode. Motion correction for these recordings was accomplished using a customized subpixel registration algorithm (Guizar-Sicairos et al., 2008) in order to allow for DF/F analysis over extended periods of time without any edge pixel jitter artifacts (i.e., when single pixel translations cause artifacts on edges of the NMJ). Correlation of DF traces with a template trace was evaluated over the entire imaging time, to allow detection of miniature events at any time point during the 30 s window except for several initial frames and the last few frames where a complete template match could not be obtained. This was done as described above for evoked quantal analysis. All automatically detected events were verified manually, using unfiltered DF/F images and DF/F traces to confirm that the events had characteristic shapes and DF/F profiles.
Spontaneous event local maxima were identified similarly to the evoked responses. Spontaneous frequency maps were then generated by counting the number of times each pixel had a spontaneous event center and these maps were filtered (Gaussian) for display purposes ( Figure 3L ). Spontaneous event amplitudes were measured as the maximum DF/F amplitude at the event local maxima. Local spontaneous frequencies were calculated using the same methods as the single release site P r values. Using the maps of cumulative spontaneous activity, 3x3 pixel areas were assigned at both NMJs at any non-overlapping spontaneously active location. F s was then calculated as the number of events within each of these regions divided by the total time of the recording (2 min) ( Figures S3F and S3G) .
In most conditions in the filleted larvae, quantal responses, either spontaneous or evoked, were easily distinguished from noise ( Figures 3B-3E) . However, the smaller amplitude of unitary events in the GluRIIA mutant posed a potential problem. We noted that this was especially true GluRIIA Ib synapses where events profiles were much closer to the noise level of our recordings (Figure S5P) , something that did not pose such a problem at GluRIIA Is synapses. However, given the increases in both P r and quantal density observed in GluRIIA Ib NMJs, this would suggest that we are likely underestimating the degree of compensation at those Ib synapses, while the Is synapses should be unaffected by any detection issues ( Figure S5P ). When the extracellular Ca 2+ concentration was further reduced (see Figure S3G for quantification of the effects on optical quantal amplitudes) the responses at the Ib NMJs became more difficult to detect (data not shown). This prevented the accurate quantification of presynaptic GluRIIA synaptic strength at 1.0 mM Ca
2+
, although the GluRIIA Is responses remained strong enough to detect accurately under these conditions (see Figures  S5S-S5V) .
Simultaneous spontaneous and evoked amplitude measurements ( Figure S4K ) were performed similarly to the spontaneous event measurements. All events were identified through the entire continuous 100 s imaging window, which included both spontaneous and evoked responses using the same template. Events were then binned into spontaneous and evoked response windows according to their peak time relative to the nerve stimulation (a 1 s window surrounding the nerve stimulation was used for all evoked trials). Events were then processed in the same way as the spontaneous measurements above to calculate the relative evoked and spontaneous quantal event amplitudes. For these calculations only spontaneous and evoked events with exact same peak location were used for comparisons of amplitudes.
Unlike the low-frequency episodic imaging or spontaneous event imaging protocols, stimulating at frequencies above 2 Hz makes it difficult to perform unambiguous template matching to identify quantal events. This is largely due to the quantal SynapGCaMP6f decay time (spontaneous quantal event decay times were Ib: t 1/2 = 149.0 ± 2.8 ms and Is: t 1/2 = 152.6 ± 1.6 ms, see Figures S3E and  S3F ). However, due to the low-to-moderate basal P r at either Ib or Is synapses, local quantal activity is not expected to summate significantly during repetitive stimulation. For example, during a 10 s, 5 Hz stimulus a $0.2 P r synapse would only be predicted to release a vesicle 10 times, with, on average, 1 s between responses, much longer than the decay time required for full decay of the SynapGCaMP6f signal. Similarly, a higher P r synapse of 0.5, such as what we tend to observe at Is NMJs or a transiently facilitated low P r Ib synapse, would, on average, have 400 ms between responses, long enough to for SynapGCaMP6f to mostly decay back to baseline. This quantal separation is indeed what we observed during 5 Hz stimulation with individual quantal responses clearly identifiable during the train without substantial summation occurring ( Figure S6F ). Nevertheless, in order to identify when, where, and how strong these quantal responses are during repetitive stimulation, we developed an alternative detection technique that did not require template fitting. These recordings were analyzed by first performing the same subpixel registration as used above for the spontaneous event detection. We then thresholded the DF data to remove any low amplitude, high-frequency noise and searched for local maxima within in x-y-t space (MinimaMaxima3D, MathWorks File Exchange). These event locations were then used to identify peak timing and DF/F amplitudes. Stimulus timing was used to bin the recordings into individual stimuli to calculate the quantal density per stimulus. Spontaneous events occurring before or after the stimulus period were excluded.
For the local plasticity analysis all response timings were collected for overlapping 3x3 pixel regions centered at every pixel within the Ib or Is NMJ area. Only pixel regions that had at least one MN-evoked response were included in the analysis. All responsive pixels were then sorted based on the number of responses in the first half of the recording compared to the second half of the recording. The categories included active regions that increased the number of responses (facilitated), decreased the number of responses (depressed), had the exact same number of responses (unchanged), went from no responses to some responses (recruited), or went from some responses to no responses (silenced).
Optical Quantal Amplitude Comparisons
In our comparisons between spontaneous and evoked transmission separately, we noted a larger difference in the evoked response amplitudes at Is sites compared to Ib sites than we would have predicted from optical mini amplitudes alone (compare Figures 3F and  3G and Figures S4I and S4J) . Several factors could contribute to this discrepancy. First, due to the high basal P r at Is synapses, it was possible that a large percentage of Is evoked responses were multiquantal from the same synapse. Second, we could have been observing evoked quantal release from neighboring synapses that were located too close to reliably identify separate peak responses. The density of active release sites was found to be lower than the density of Brp puncta (i.e., approximately the number of active zones) ( Figure S4G ). Third, evoked and spontaneous release events at Is NMJs could be restricted at spatially separate synapses with significantly different quantal sizes (either different vesicle sizes or different postsynaptic glutamate sensitivities). Finally, neighboring synapse postsynaptic responses could be slightly overlapping enough raise the peak amplitude at neighboring sites.
In order to differentiate between these interpretations, we first measured spontaneous and evoked response amplitudes simultaneously from the same NMJs and at the same locations using the same detection settings (see above). Consistent with measurements for these two transmission modes taken separately, we observed larger evoked responses at Is synapses compared to the spontaneous events at the same sites. We found that the ratio of evoked to spontaneous release amplitudes at single Is synapses were distributed between 1 and 3 ( Figure S4K ) confirming our suspicion from separate recordings of either evoked or spontaneous activity.
To determine whether quantal response crosstalk was a factor, we next isolated functional release sites at both NMJs that had only a single matching and spatially isolated Brp punctum in the post hoc Brp structural data ( Figures S4L and S4M ). We then compared mean evoked response amplitudes and evoked P r at these sites to the pooled data for all release sites. When we compared singleBrp site mean evoked amplitudes at Ib NMJs we did not observe any differences ( Figure S4N ). However, we found that single-Brp Is response amplitudes were significantly smaller than the pooled data ( Figure S4N ). Importantly, these isolated Is sites had average amplitudes that were the same size as spontaneous quantal responses at Is NMJs ( Figure 3G ). Because these sites likely only had a single active zone we concluded that spontaneous-evoked site quantal size differences and single-site multiquantal release likely did not contribute to this discrepancy in amplitude. Rather the differences were likely due to the interaction between neighboring synapses leading to the boosting of the amplitude of neighboring responses.
The evoked quantal amplitude boosting/crosstalk when neighboring synapses were both present and active, necessitated that we confirm that our P r measurements weren't skewed by the high quantal density at Is NMJs. We found that the single-Brp release sites had similarly large distributions of P r compared to the pooled data at both NMJs, with a nearly identical mean and median P r s (Figure S4O ). This confirmed that our P r data were representative of the population of active synapses despite the lower resolution of the activity data relative to the density of Brp-containing AZs and the high Is quantal density. Furthermore, these data would suggest that the large numbers of Brp puncta that do not have a corresponding active release site are very weakly active or completely inactive during low-frequency stimulation as has been noted previously (Peled and Isacoff, 2011) .
Our high-frequency quantal data also supports this idea as along with a decreasing quantal content at Is NMJs during stimulus trains ( Figure 6D ) we noted decreases in the amplitude of the quantal responses (see Figures S6I and S6J ). This occurs because with fewer active synapses as the Is NMJ depresses, there is a reduced probability of overlap of quantal responses during repetitive stimulation. However, we were still able to isolate neighboring active synapses, as single sites are only active for a small portion of action potentials during repetitive stimulation ( Figure S6F ). Taken together, we conclude that discrepancies between spontaneous and evoked response amplitudes, at least at WT Is NMJs, are largely due to either glutamate spillover or postsynaptic Ca 2+ signal contamination from neighboring and simultaneously active synapses. Smaller SSR surrounding Is axons may allow for this quantal crosstalk between synapses more readily than at Ib NMJs (Atwood et al., 1993) . Our comparisons of evoked and spontaneous event amplitudes also unveiled another complication to the analysis of evoked response amplitudes. Ib evoked quantal responses were generally slightly smaller than spontaneous event amplitudes ( Figure S4K ). This suggests that not only are most Ib responses single quantal events, but that there may be some reduction in amplitude due to nonlinear summation during simultaneous motor neuron activity. With such a large quantal content and large quantal sizes, the Is axon, when co-active with the Ib axon, could interact in the non-voltage clamped muscle to alter the Ca 2+ driving force into the muscle (Wolf et al., 1998) . Supporting this conclusion, we were able to demonstrate that the Ca 2+ -dependence of our SynapGCaMP6f responses are linear through a large range of extracellular Ca 2+ concentrations ( Figure S3G ) so any differences are likely consistent with changes in Ca 2+ entry.
Nonlinear summation-based decreases in Ib quantal amplitudes were confirmed with our Is-specific TeTxLC expression quantal analysis data where, in the absence of synchronous MN-evoked Is activity, we noted somewhat larger evoked quantal responses at the corresponding Ib synapses (UAS-TeTxLC control Ib DF/F mean = 0.43 ± 0.03 n = 6 NMJs; RN2-Gal4 control Ib DF/F mean = 0.39 ± 0.03 n = 6 NMJs; RN2 > TeTxLC Ib DF/F mean = 0.61 ± 0.03 n = 6 NMJs; p = 0.13 RN2 > TeTxLC versus UAS control and p = 0.038 RN2 > TeTxLC versus Gal4 control using ANOVA with post hoc Tukey's test). Though it is important to note that this effect has no effect on our quantal density or P r measurements as despite the increase evoked amplitudes in the Is-TeTxLC expression case, no differences were noted in either metric ( Figures 7L and S7K ). However, we should note that in light of these issues, widely implemented quantal content corrections to compound EPSP measurements (Martin, 1955 ) that try to account for nonlinear summation should be used carefully as the effects of nonlinear summation may be non-uniform with convergent inputs in fly larvae.
Electrophysiology Analysis
All electrophysiological recordings were analyzed with custom-written MATLAB routines. Briefly, all data were filtered offline at 1 kHz. EPSP and EPSCs were calculated as the difference between the peak response to the average baseline immediately prior to MN stimulation. At least 20 evoked responses were acquired at 0.1 Hz and then averaged to calculate the mean compound response. Spontaneous mEPSP events were automatically identified using the same template correlation method described above for detection of spontaneous optical quantal events. All mEPSPs were validated manually as having characteristic rise and decay profiles. Quantal content was calculated as the mean EPSP amplitude divided by the mean mEPSP amplitude. For simultaneous mEPSP and optical recordings verified optical events and mEPSPs were paired manually and we only included events where optical and electrophysiological event pairs were unambiguously matched.
Immunofluorescence Image Analysis
Unless otherwise noted all images are maximum intensity projections that were generated using custom-written MATLAB routines. For post hoc analysis of Brp puncta, maximum intensity projections of Brp and Hrp images were first filtered (Gaussian). Then axonal regions were identified using the Hrp maximum intensity projection image corresponding to the live SynapGCaMP6f imaged region (see below). Pixels within their respective Hrp areas were then intensity thresholded to remove any pixels that were not part of a Brp punctum. Using these thresholded images, local maxima were identified and all maxima were validated manually. False puncta were removed and any puncta that were missed by the automatic detection were added manually. These locations were then used to identify the number of Brp puncta, their density (relative to the total Hrp area), and their maximum intensity. Because the post hoc Brp analysis was not all performed at the same time and under the exact same labeling and imaging conditions we found that the Ib-Is internally compared differences in the intensity of Brp labeling were more reliable ( Figures S3T and S3U versus S3V) .
For quantitative analysis of the total integrated pCaMKII levels, we similarly used maximum intensity projections of pCaMKII and Hrp labels that were filtered (Gaussian). Ib and Is regions were identified using both the pCaMKII and Hrp signals. We then excluded any pixels below a common intensity threshold for all preps and genotypes and NMJ types. Finally, we summated the remaining pixel intensity values for the respective Ib or Is NMJ. The pCaMKII integrated intensities were likely underestimated because maximum intensity projections were used; however, this would likely bias the Ib NMJ which always has a much larger z-axis profile compared to the Is NMJs.
In contrast to a recent report (Nesler et al., 2016) , we noted robust postsynaptic pCaMKII labeling. These differences could be due to different antibodies and the presence of potentially many splice isoforms of CaMKII in flies (GuptaRoy et al., 2000) , which have been shown to have large functional diversity. We did find that the pCaMKII antibody used in this study (PA5-17755, Thermo Fisher), also provided robust staining of the neuropil of the larval central nervous system, approximately overlapping with Brp ( Figure S8A ). This would suggest that the strong postsynaptic labeling at the NMJ is not limited to glutamatergic synapses. pCaMKII labeling was also present in non-SynapGCaMP6f expressing animals (w 1118 ;+;+ data not shown), so labeling was not an artifact of overexpressing SynapGCaMP6f, a sensor that contains calmodulin. Furthermore, we noted similar but less specific labeling (data not shown) with another rabbit polyclonal anti-pT286 CaMKIIa antibody (sc12886, Santa Cruz Biotechnology, Dallas, TX).
Statistics
The calculation of P r at individual sites required special consideration given the stochastic and all-or-none nature of release at each synapse. First, the number of stimulation trials at each NMJ will define the theoretical detection threshold of the very low P r synapses. Second, in a binomial system, the relationship between the number of measurements, the P r of a single site, and the expected coefficient of variation (CV) can be calculated with the following formula:
where n is the number of stimulus trials and P r is the likelihood that an individual synapse will release a single vesicle of glutamate, assuming it does not change over the course of the experiment. With this relationship, the normalized variance will increase as P r decreases or the number of trials decreases. Thus, care was taken to acquire enough single action potential stimuli at a low (0.1 Hz) frequency to provide an accurate P r calculation even at very low P r synapses. Thus, 200 trials were used for these experiments, as this would provide a theoretical detection limit of synapses with a P r of 0.01 since multiple release events were required to define an evoked active synapse. More importantly, this would bring the predicted CV for all synapses with a P r of R 0.02 below 0.5 and all synapses with a P r of > 0.1 around or below 0.2. In this way, we increased the confidence in our single-synapse P r measurements for a large range of basal synaptic strengths. Unpaired Student's t tests were used for average NMJ data Ib-Is comparisons. Paired Student's t tests were used to compare spontaneous and evoked amplitudes within the same NMJ. Mann-Whitney Rank Sum test was used to compare in vivo activity integral groups and average imaging-electrophysiology matched amplitudes. Two-sample Kolmogorov-Smirnov tests were used to compare pooled data Ib-Is frequency distributions. One-way ANOVAs with Tukey-Kramer post hoc tests were used to compare mean NMJ Ib-Is properties for different genotypes. Kruskal-Wallis with Tukey-Kramer post hoc tests were used to compare pooled data frequency distributions for different genotypes. One dimensional Pearson's correlation coefficients (r) were used to compare DF/F traces with motion traces or F m or optical quantal amplitudes with mEPSP amplitudes, and two dimensional Pearson's correlation coefficients were used to compare spontaneous and evoked response maps. Reported values are mean ± SEM unless otherwise stated. The specific statistical tests as well as number of replicates including numbers of animals, activity bouts, NMJs, synapses or quantal events, are provided in the corresponding figure legends. For all figures significance corresponds to * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 or NS not significant for the comparisons indicated in the figure or figure legend.
